The type of fluid used during resuscitation may have an important impact on tissue edema. We evaluated the impact of two different regimens of fluid resuscitation on hemodynamics and on lung and intestinal edema during splanchnic hypoperfusion in rabbits. The study included 16 female New Zealand rabbits (2.9 to 3.3 kg body weight, aged 8 to 12 months) with splanchnic ischemia induced by ligation of the superior mesenteric artery. The animals were randomized into two experimental groups: group I (N = 9) received 12 mL·kg -1 ·h -1 lactated Ringer solution and 20 mL/kg 6% hydroxyethyl starch solution; group II (N = 7) received 36 mL·kg -1 ·h -1 lactated Ringer solution and 20 mL/kg 0.9% saline. A segment from the ileum was isolated to be perfused. A tonometric catheter was placed in a second gut segment. Superior mesenteric artery (Q SMA ) and aortic (Q aorta ) flows were measured using ultrasonic flow probes. After 4 h of fluid resuscitation, tissue specimens were immediately removed for estimations of gut and lung edema. There were no differences in global and regional perfusion variables, lung wet-to-dry weight ratios and oxygenation indices between groups. Gut wet-to-dry weight ratio was significantly lower in the crystalloid/colloidtreated group (4.9 ± 1.5) than in the crystalloid-treated group (7.3 ± 2.4) (P < 0.05). In this model of intestinal ischemia, fluid resuscitation with crystalloids caused more gut edema than a combination of crystalloids and colloids.
Introduction
The splanchnic region may play an important role in the development of multiple organ failure (1) . During gut ischemia, neutrophils become inappropriately activated, degranulating prematurely and releasing toxic elastases and reactive oxygen species inside or immediately outside the vasculature. These substances can injure the microcirculatory endothelium, increasing vascular permeability and allowing fluids, cells, and macromolecules to leak out and cause tissue edema (2) . Inadequate gastrointestinal perfusion and oxygenation may result in the passage of translocation of bacteria, endotoxins, and vasoactive substances into the systemic circulation (3) . Even in the absence of bowel necrosis, fluid shifts may result in hidden fluid loss with large quantities of fluids released into the peritoneal cavity.
Early circulatory changes in massive intestinal ischemia are mainly due to hypovolemia (3) . Fluid resuscitation may consist of natural or artificial colloids or crystalloids. Although there is no clear evidence-based support for one type of fluid over another in regard to restoration of central hemodynamics (4) , the type of fluid used during resuscitation may have a potentially important impact on fluid over-Effect of fluid resuscitation on gut edema www.bjournal.com.br load of the lung and gut. The infusion of large amounts of crystalloids may result in gut edema and increase the risk of intra-abdominal hypertension resulting in abdominal compartment syndrome (5) .
Crystalloids are water-based solutions containing lowmolecular weight molecules freely permeable to the vascular membrane and are therefore distributed mainly in the interstitial and/or intercellular compartments (6, 7) . Colloids are high-molecular weight polymers that are retained longer in the intravascular space thus requiring less total volume than crystalloid solutions to achieve the same resuscitation end-points. There is the possibility that with increased microvascular permeability, colloids could migrate into the interstitium where they would favor fluid retention and worsen interstitial edema (8) . Therefore, we evaluated the impact of two different regimens of fluid administration on global and regional hemodynamics as well as on intestinal and pulmonary edema in a splanchnic hypoperfusion model induced by the ligation of the superior mesenteric artery in rabbits. We used a hydroxyethyl starch (HES) solution, a synthetic colloid formed from substituted branched-chain amylopectin with as much as 40% of maximum volume expansion persisting for 24 h (9) and lactated Ringer solution as the crystalloid fluid.
Material and Methods

Instrumentation
Sixteen New Zealand rabbits (2.9-3.3 kg body weight) were handled according to the regulations of the local Animal Care Committee after institutional approval for animal investigations was obtained. Induction doses of ketamine (20 mg/kg) and xylazine (4 mg/kg) were given intramuscularly for sedation and anesthesia, followed by a continuous infusion of ketamine (15-35 mg·kg -1 ·h -1 ) started 3 h after induction. An intravenous catheter was inserted into an ear vein for venous access (18 G x 2" Surflo iv catheter; USA) and 20 mL 0.9% saline was given as a bolus. A tracheotomy was performed and the animals were ventilated (Inter 5, Intermed, Brazil) with 40-60% FiO 2 , tidal volume of 7 to 10 mL/kg and respiratory rate of 40 breaths/min further adjusted to maintain a PaO 2 >80 mmHg and a PaCO 2 between 35 and 45 mmHg. A 16-G polyethylene catheter was inserted into the right carotid artery and connected to a pressure transducer to obtain continuous recording of arterial pressure. Another catheter (Surflo iv catheter, 22 G x 2") was placed in the jugular vein for venous access and central venous pressure (CVP) measurements.
Surgical preparation
A midline laparotomy was performed and ultrasonic flow probes (Transonic System Inc., USA) were placed around the superior mesenteric artery (Q SMA ) and the abdominal aorta (Q aorta ) just above the origin of the celiac trunk to measure flow continuously. A bowel segment was delineated in the mid ileum to allow measurement of the lactate released from the gut mucosa. An antimesenteric enterotomy was performed and inflow and outflow catheters were placed to delimit a closed 5-cm segment of the ileum. The bowel segment was carefully rinsed with heated (37°C) saline, before a sodium phosphate buffer, pH 7.2, was infused at a rate of 8 mL/h. The lumen of the proximal catheter was used for continuous infusion and the lumen of the distal catheter was used to recover the gut luminal perfusate every hour. The details of this technique were described elsewhere (10, 11) . In a second gut segment, a tonometric catheter (TRIP ® Tonometry Catheter, Datex, Finland) was placed through a minimal antimesenteric wall incision and secured with a purse-string suture. A small drain was placed in the peritoneum to withdraw peritoneal fluid. Body temperature was maintained between 36-38°C with a heat lamp. The animals were allowed to recover for 60 min before starting the experimental protocol.
Experimental protocol
Fluid resuscitation was started immediately after a bolus of 20 mL 0.9% saline into the ear vein and was maintained until the end of the experiment as follows: group I (crystalloid plus colloid; N = 9) received 12 mL·kg -1 ·h -1 lactated Ringer solution and a bolus of 20 mL/kg 6% HES (MW 200,000 D/ 0.5, Haes-Steril, Fresenius, Germany); group II (crystalloid, N = 7) received 36 mL·kg -1 ·h -1 lactated Ringer solution and a bolus of 20 mL/kg 0.9% saline. After baseline measurements, ligation of superior mesenteric artery was performed. Mean arterial pressure, CVP, Q aorta , Q SMA , ileal mucosal PCO 2 , peritoneal, serum and luminal gut lactate perfusate were measured every hour for 4 h.
Analytical methods
Arterial samples were obtained for blood gas analysis (ABL-30, Radiometer, Denmark). Blood (700 µL), peritoneal fluid and gut luminal perfusate samples for lactate analysis were collected in fluoride-sodium heparin coated tubes, stored on ice and measurements were carried out within 5 min. Serum osmolality was determined by freezing point measurement (Osmette A, Precision Systems, USA).
Tonometry
For tonometry measurements, 1 mL saline was placed in the silicone balloon of the tonometer and allowed to equilibrate for 30 min. The first 0.7 mL removed was discarded and analysis was performed immediately on the remaining S.M. Lobo et al.
www.bjournal.com.br 0.3 mL in a blood gas analyzer (ABL-30). Ileum PCO 2 was corrected for incomplete equilibration time during the 30-min sampling periods multiplying PCO 2 by 1.24. The ileal mucosal-arterial PCO 2 gradient (PCO 2 -gap) was calculated.
Grading of organ damage
Each animal received a lethal injection of sodium pentobarbital at the end of the experiment (4 h after the beginning of the experiment). Segments of the distal ileum and left lung were harvested and immediately fixed in 10% formaldehyde-saline. The tissue was embedded in paraffin wax, sectioned serially, and stained with hematoxylin-eosin. Intestinal morphological characteristics were evaluated under light microscopy. Mucosal histology was graded as previously described (12) using the following scale: grade 0 = normal mucosa; grade 1 = sub-epithelial space formation; grade 2 = extension of the sub-epithelial space with moderate lifting of the epithelial layer from the lamina propria; grade 3 = massive epithelial lifting down the sides of the villi; grade 4 = denuded villi with lamina propria and exposed dilated capillaries; grade 5 = digestion and disintegration of the lamina propria, hemorrhage and ulceration. In lung biopsies, organ injury was determined according to the degree of edema and was classified semi-quantitatively as follows: grade 0 = none (normal); grade 1 = slight edema of the alveolar walls; grade 2 = moderate edematous thickening of alveolar walls with occasional alveoli containing coagulated edema fluid; grade 3 = extensive occurrence of alveolar and interstitial edema (13) . The pathologist who evaluated intestinal mucosal damage was blind to the treatment.
Wet-to-dry weight ratio
At the end of the experiment, the distal 10 cm of the ileum and left lung were harvested immediately, weighed and heated at 100°C in a gravity convection oven for 24 h and reweighed. Wet-to-dry weight ratios were calculated.
Data analysis
Data are reported as mean ± SD. Statistical significance was tested by analysis of variance for repeated measurements (ANOVA). The Student t-test with Bonferroni adjustment was used for multiple comparisons. The extent of histological damage between groups was evaluated using the Mann-Whitney rank sum test. P < 0.05 was considered to be statistically significant.
Results
After occlusion of the superior mesenteric artery, the PCO 2 -gap (Table 1) increased for both groups (group I: Effect of fluid resuscitation on gut edema www.bjournal.com.br from 0.25 ± 8.1 at 0 h to 58 ± 46 torr at 4 h; group II: from 1.2 ± 8.1 at 0 h to 49 ± 25 torr at 4 h; P < 0.05 for 4 h compared to 0 h). However, there were no statistical differences between the two groups. Likewise, the luminal gut lactate concentrations increased similarly for both groups (group I: from 0.68 ± 0.59 at 0 h to 3.26 ± 1.57 mEq/L at 4 h; group II: from 0.77 ± 0.74 to 3.20 ± 0.77 mEq/L at 4 h, P < 0.05 for 4 h compared to 0 h). The data indicate severe alterations of gut perfusion. Similarly, no significant differences were detected between the two groups in Q aorta , and Q SMA (data not shown). CVP, mean arterial pressure, peritoneal and arterial blood lactate concentrations are also reported in Table 1 . CVP was significantly higher in group II at 3 and 4 h than in group I (P < 0.05). Osmolality was significantly higher in group I (299 ± 74 mOsm/L) than in group II (264 ± 10 mOsm/L) at 4 h (P < 0.05).
Gut wet-to-dry weight ratio was significantly lower in group I than in group II (4.9 ± 1.5 vs 7.3 ± 2.4, P < 0.05). There were no significant differences in lung wet-to-dry weight ratios (4.5 ± 1.1 vs 4.9 ± 1.3) and oxygenation indices (PO 2 /FiO 2 ratio) between the two groups (baseline: 421 ± 141 vs 458 ± 162; 2 h: 448 ± 143 vs 438 ± 78; 4 h: 425 ± 434 vs 479 ± 22, for group I and group II, respectively).
Histological specimens from the gut showed a similar degree of injury in both groups (group I: 2 specimens were grade 0; 5 specimens were grade 4; group II: 1 specimen was grade 1; 5 specimens were grade 4; 1 specimen was grade 5). Histological specimens from lungs were graded as 0 for all samples in both groups.
Discussion
Mesenteric ischemia can occur as a consequence of either vascular disease or generalized shock. (1) . If the ischemia is extensive, the injury to the gut mucosa might lead to the loss of large amounts of water and proteins through the injured mucosa. In the present study, the 4-h occlusion of the superior mesenteric artery without reperfusion caused severe histological alterations in the gut, particularly denuded villi. The crystalloid-treated group showed significantly larger amounts of intestinal tissue hydration than the crystalloid/colloid-treated group, as reflected by an increased wet-to-dry tissue weight ratio.
Edema of the intestine may have serious consequences (14) . Gut edema may be associated with postoperative gastrointestinal dysfunction, impairment of tissue oxygenation, and even more importantly, increased intra-abdominal pressure that may result in abdominal compartment syndrome (5, (15) (16) (17) . No physiologic or histologic evidence of lung injury was demonstrable, probably due to the short 4-h occlusion and observation period.
In anesthetized dogs undergoing extracorporeal life support, an HES priming solution decreases intestinal edema by the maintenance of the plasma-to-interstitial colloid osmotic pressure (COP) gradient and the ability of the membrane to selectively limit the passage of macromolecules (18) . Resuscitation fluids can also influence inflammatory and immune responses. It has been shown that HES effectively decreases leukocyte adherence, improves endothelial integrity, decreases apoptosis and attenuates tissue edema and injury in different animal and human models of fluid resuscitation (19) (20) (21) (22) (23) .
If we were to extrapolate our results with rabbits to patients, we might conclude that the use of colloids could be better than crystalloids in patients of high risk of developing gastrointestinal dysfunction because they may cause less intestinal edema, but this has not been demonstrated unambiguously. In major trauma patients, supranormal resuscitation was associated with more lactated Ringer solution infusion, decreased intestinal perfusion and an increased incidence of abdominal compartment syndrome, multiple organ failure, and death but a direct comparison with colloid solution was not made (5). Restrictive strategies for crystalloid administration during gastrointestinal surgeries have been shown to improve some outcomes (24) (25) (26) . Hemodynamic care incorporating HES after cardiac surgery has been shown to significantly reduce the incidence of gut hypoperfusion, decrease postoperative complications and the length of hospitalization (27) . Nevertheless, several studies were unable to demonstrate a survival benefit favoring the use of colloids in various clinical settings (28) (29) (30) . Fluid resuscitation with 10% HES 200/0.5 is harmful in patients with severe sepsis. At recommended doses, it causes renal impairment, and at high doses, it impairs long-term survival (31) . It is possible that the more recent third-generation HES preparation with a low degree of substitution may overcome the adverse effects of the older colloid solutions (32) .
An ischemic insult to an organ causes cell damage that may progress to cell death. In the present study, an experimental ischemic infarction model instead of the more commonly used ischemia and reperfusion model was used to evaluate the effects of early fluid resuscitation before blood flow is restored. It is possible that an even greater edema effect would have been seen if an ischemia-reperfusion model was used because even greater edema formation is expected to occur after reperfusion.
One important limitation of our study is the difficulty in chosing the adequate amount of fluids to be used in the control group. The volume used, 36 mL·kg -1 ·h -1 , is open to question. Nevertheless, larger volumes of isotonic crystalloids than colloid solutions are required to replete the S.M. Lobo et al.
www.bjournal.com.br intravascular volume. Thus, we used three times more crystalloids in group II in order to achieve similar plasma volume expansion (33) . Importantly, hemodynamic and perfusion parameters were restored similarly with colloids plus crystalloids or crystalloids alone during severe gut ischemia but with a significantly higher CVP with the use of a higher volume of crystalloids, which could have caused mesenteric venous hypertension and influenced edema formation (14) .
Our results suggest that the use of a colloid solution in addition to a lower volume of crystalloid solution causes less intestinal edema during gut ischemia in rabbits.
